All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Pressure insoles are a useful measurement system to assess kinetic parameters during posture, gait or dynamic activities in field situations, since they have a minimal influence on the subject's skill (e.g. \[[@pone.0176975.ref001],[@pone.0176975.ref002]\]). Indeed, pressure insoles are placed inside the shoe and are thin and light. Therefore, various investigators have recently used them during alpine skiing to better understand the relationship between kinematic and kinetic parameters, and their effects on performance, training and injury \[[@pone.0176975.ref003]--[@pone.0176975.ref008]\]. This measurement system converts raw pressure signals into the magnitude and the distribution of one directional (compressive) force (i.e., the component of the Ground Reaction Force normal to the ski's surface, nGRF), beneath the entire plantar surface. It is further possible to divide the plantar surface into specific anatomical regions. The determination of the point of application of the reaction force (i.e., center of pressure, CoP) is therefore possible, a parameter that has been shown to be able to characterize learning processes in alpine skiing \[[@pone.0176975.ref009]\]. However, several limitations should be pointed out. The compressive force is underestimated from 21% to 54% compared to a force platform \[[@pone.0176975.ref006]\], and this underestimation varies depending on the phase of the turn, the skier's skill level, the pitch of the slope and the skiing mode \[[@pone.0176975.ref007]\]. It has been stated this underestimation originates from a significant part of the force actually being transferred through the ski boot's cuff \[[@pone.0176975.ref006],[@pone.0176975.ref007],[@pone.0176975.ref010]\]. As a result, the CoP trajectory also tends to be underestimated along both the anterior-posterior (A-P) and medial-lateral (M-L) axes compared to force platforms \[[@pone.0176975.ref008]\]. Nonetheless, analysis of the Ground Reaction Force (GRF) and CoP measured with pressure insoles may provide useful information on alpine skiing biomechanics and kinaesthetic feelings of the skiers.

Previous studies have mainly investigated the nGRF applied throughout a turn. This parameter was calculated from both pressure and surface area data, relative to the body weight (BW). nGRF ranged from 0.2 times BW on the inside foot \[[@pone.0176975.ref007]\], to 1.2 times BW \[[@pone.0176975.ref007]\] or 2 times BW \[[@pone.0176975.ref005]\] on the outside foot during slalom or giant slalom turns. This wide range of data was partly explained by the foot studied (higher nGRF on the outside vs. inside foot; \[[@pone.0176975.ref005]\] and the phase of the turn (higher nGRF at the end of the steering phase; \[[@pone.0176975.ref011],[@pone.0176975.ref012]\]). However, nGRF is also likely to be influenced by other factors such as the skier's skill \[[@pone.0176975.ref013]\], slope steepness \[[@pone.0176975.ref014]\], course setting \[[@pone.0176975.ref015]\], skiing mode \[[@pone.0176975.ref007]\], or skier's body position \[[@pone.0176975.ref016]\]. To the best of our knowledge, no study has investigated these plausible factors together. Although the above-mentioned studies differed in course setting, population studied or snow quality, a consensus seemed to be established in terms of a global ground reaction peak during a turn at about 2500 N \[[@pone.0176975.ref017]\].

The CoP trajectory during alpine skiing turns has also been investigated with pressure insoles. It has been reported that CoP shifts backward from the beginning of a turn until the steering phase \[[@pone.0176975.ref003],[@pone.0176975.ref004]\], although no data have been presented to support this finding. Nakazato et al. \[[@pone.0176975.ref008]\] also measured a backward shift of the CoP during a turn. Its amplitude may vary according to experimental conditions.

Another use of pressure insole measurements is their distribution under the entire surface of the plantar sole. Interestingly, by partitioning the total foot surface into different anatomical regions, Lamontagne \[[@pone.0176975.ref005]\] showed that the highest pressures were found under the heel, the first metatarsal and the hallux of the outside foot, with values up to 16 N.cm^2^ during slalom and giant slalom turns. Such values were found when averaged over an entire foot sole region. When using individualized sensors, values of up to 30 N.cm^2^ were found \[[@pone.0176975.ref003],[@pone.0176975.ref004]\]. However, no information was provided concerning how this distribution evolved throughout the turn, whereas a modification could be hypothesized depending on turn completion.

In conclusion, these studies have highlighted a major contribution of different factors to the nGRF applied throughout a turn, such as the foot's position during a turn (inside vs. outside), the CoP A-P displacement, or precise loading of different foot sole regions. Unfortunately, these results have been studied separately. Since these factors are likely related, their relative contribution to nGRF could be modified when combined effects are analyzed. Although it was not their main purpose, Nakazato et al. showed that skiing mode, pitch of the slope, phase of the turn and skier skill were factors that likely affect the nGRF measured by pressure insoles \[[@pone.0176975.ref007]\].

The aims of the present study were to investigate i) the influence of turn phases and modifications in slope steepness on the whole foot normal GRF pattern while performing giant slalom turns in a race-like setting, and ii) how these parameters affect plantar pressure distribution under the feet.

Materials and methods {#sec002}
=====================

Subjects {#sec003}
--------

Eleven young experienced alpine skiers participated in the study (seven boys and four girls). Their mean age, mass and height were 17.5 ± 4.3 years, 59.8 ± 10.6 kg and 170.3 ± 8.2 cm, respectively. All skiers were competing at a regional level at the time of the study (national ranking: 105 ± 37 points). Prior to the experiment, all the skiers were informed of the purpose, risks, and benefits of the experiment. The study was approved by the ethics committee of the University Savoie Mont-Blanc and written informed consent was obtained from each subject prior to the study. For subjects who were minor at the time of the study, additional written informed consent was obtained from their parents. The study was conducted according to the 1964 declaration of Helsinki. The subjects used their own ski racing equipment (race suit, skis, boots, etc.).

Experimental protocol {#sec004}
---------------------

The test took place on a closed ski slope in the St Gervais (France) ski resort on two consecutive days. The slope was homologated by the French Ski Federation for race use. The slope had sections of different pitch ranging from 28° (top part of the slope) to 11° (middle part), and no side hill sections. All measurements were taken under optimal conditions: good and consistent weather conditions, groomed and hard snow, and the course was side-slipped after each run. A giant slalom course was set up by a professional, certified trainer, who also used a laser to measure distances between gates while setting them. The complete course had a vertical drop of 250 m and 30 gates. The mean linear distance and lateral offset between gates were 25 m and 9 m in the steep slope condition, and 31 and 4 m for the flat slope condition. Laser measurement was used while setting the gates. Linear distance and lateral offset were very consistent between gates with similar steepness to ensure valid averaging of subsequent turns.

The experiment consisted of one run performed by each subject, who were told to complete it at race intensity. The run was timed using regular photocells (HL2, Tag Heuer, La Chaux de Fond, Switzerland). Free skiing warm-up and inspection of the course were undertaken prior to the run.

Two consecutive turns at the top part of the course were analyzed, providing data for the "steep" slope condition (28°), as were six consecutive turns in the middle part of the course, providing data for the "flat" slope condition (11°). All of the analyzed gates were preceded and followed by another gate in the same slope condition (steep or flat). Consecutive turns were analyzed as it has been shown no differences existed between plantar pressure applied under the right and left feet \[[@pone.0176975.ref005]\]. The skier's feet were analyzed according to the foot position during a turn: either inside (e.g., the left foot in a left-side turn) or outside (e.g., the right foot in a left-side turn).

Instrumentation and data processing {#sec005}
-----------------------------------

All runs were recorded with a fixed digital camera (50Hz) placed in the frontal plane, recording both sections of the skiers. It was used to synchronize video and pressure insole data using dedicated software (VideoMesure, designed by the French Ski Federation), and using a right foot stomp once in the starting gate as the trigger. The video was used to identify four different consecutive phases in the turn: initiation (P1), steering1 (P2), steering2 (P3) and completion phase (P4). This turn breakdown was based on kinematic parameters and was similar to the one described by Hintermeister et al. \[[@pone.0176975.ref018]\]. The initiation phase was characterized by an edge change from the inside edge of the outside ski of the previous turn, to the inside edge of the novel outside ski. The steering1 phase was characterized by increased edging, until the gate passage. The steering2 phase ran from the gate passage to the maximum of hip and knee flexions. The completion phase comprised the rest of the turn. It started at the moment when skiers started to extend their lower limb and lasted until the skis were flat on the ground and the onset of the initiation phase of the following turn. The turn phases were not equal in duration. The mean initiation phase ran the first 21(±3) % of the turn duration; the steering1 phase 33 (±4)% of the turn duration; the steering2 phase 32 (± 4) % of the turn duration; and the completion phase 14 (±2)% of the turn duration.

Plantar pressure was measured using a portable device (Pedar system, Novel GmbH, Munich, Germany) made up of a pair of insoles covered with 99 capacitive sensors measuring pressure under the feet's plantar surface (kPa). The system consisted of two flexible insoles, 2 mm thick, which matched each subject's foot size. The insoles were fitted into the ski boot's liner. The data acquisition system was fixed on a belt that the skiers wore on their back. Before the experiment, the insoles were calibrated using the manufacturer's guidelines. Calibrations procedure was performed while skiers were standing in the starting gate, and zeros set while lifting the corresponding foot, with buckles unhooked. Data were collected at 50 Hz throughout the entire run. Data were first saved on the system and then downloaded onto a computer after each run. The whole foot total pressure was analyzed, as was the separate pressures following the A-P and M-L axes: the foot was divided into three regions along the A-P axis (heel (H), midfoot (MF) and forefoot (FF)), and two regions along the M-L axis (medial (M) and lateral (L)). The regions taken into account in the data analysis are shown in [Fig 1](#pone.0176975.g001){ref-type="fig"}.

![Subdivision of the plantar surface regions as used in the present study.\
Plantar regions distributed along the medial-lateral (separated by a solid line) and anterior-posterior (separated by a dashed line) axes are shown.](pone.0176975.g001){#pone.0176975.g001}

Pressure data were first multiplied by their own corresponding sensor's area (cm^2^) to take into account size differences among the individual sensors of an insole. Thus, the resultant force acting between the plantar surface of the foot and the boot perpendicularly to the plane of the sensors' surface (N), was obtained for each of the regions defined above, with the formula as follow: $$F_{n}^{r_{j}}\left( t \right) = {\sum_{i = 1}^{n_{j}}{P_{i}S_{i}}}$$ Where *r*~*j*~ is one of the regions, *n*~*j*~ the number of sensors of the corresponding region, *P*~*i*~ (kPa) their measured pressure, and *S*~*i*~ (m^2^) their corresponding area.

Then, the mean nGRF ($\overset{¯}{nGRF}$) was computed for the entire foot as the mean value of the sum of the force of each individual sensor. It was presented as multiples of body weight (BW). $\overset{¯}{nGRF}$ was computed on both feet, for both slope steepness and each of the four turn phases with the formula below: $$\overset{¯}{nGRF} = \frac{\sum_{k = 1}^{n}{F_{n}^{r_{j}}\left( t \right)}}{n}$$ Where *n* is the number of time frame for the given turn phase. This parameter represents a mean value of the force measured by the pressure insoles over a given turn phase.

The pressure time integral was calculated as the integral of pressure over time. Briefly, the force data of the sensors of a particular region were summed and then multiplied by the corresponding phase duration. Afterwards, data were divided by the entire area (cm^2^) of their particular region. For a complete description of the method used, see Melai et al. \[[@pone.0176975.ref019]\], and \[[@pone.0176975.ref020]\] for an example of how it was used. The pressure time integral was calculated for all the foot regions (total foot, H, MF, FF, M and L) and turn phases. It was expressed as a percentage of the absolute pressure time integral of a particular foot region relative to that of the entire foot (relative pressure time integral, relPTI, % of total foot PTI), for each of the four turn phases. RelPTI represents a sum of the pressure applied over an entire turn phase for a given foot region. It thus gives an indication on the relative contribution of a given foot region to the steering effect during a turn phase. Since the raw data were made of several spikes caused by the roughness of the course or natural ski vibrations, they were firstly filtered (threshold, 6 Hz) with a zero-phase low-pass fourth-order Butterworth filter \[[@pone.0176975.ref006],[@pone.0176975.ref007]\].

Statistical analysis {#sec006}
--------------------

The means (and SD) were calculated for all variables. Data normality was checked using the Shapiro-Wilcoxon test. Several analyses of variance (ANOVA) were performed and Tukey HSD tests were used as post-hoc tests when necessary. A three-way repeated-measures ANOVA was first performed to analyze the slope effect (steep, flat), foot (inside, outside), and turn phases (P1, P2, P3, P4) on the total foot $\overset{¯}{nGRF}$. Depending on the results found in this first analysis, only the outside foot was considered in a second ANOVA, used to study the cross effects of slope and phase on the $\overset{¯}{nGRF}$ measured on the outside foot. Finally, planned comparisons were made for both M-L and A-P axes, with relPTI as the dependent variable. Turn phases P1 vs. P3 were considered, and both slopes. Statistical significance for all tests was accepted at *p*\<0.05.

Results {#sec007}
=======

The mean duration of turns was 1.61 (± 0.10) and 1.84 (± 0.10) s on flat and steep slopes, respectively. The mean and standard error of measurement data for the mean $\overset{¯}{nGRF}$, calculated for the four turn phases and both slopes and feet, are presented in [Fig 2](#pone.0176975.g002){ref-type="fig"}. Variation coefficients of less than 20% were calculated when looking at $\overset{¯}{nGRF}$ of the different turns of a same slope condition, for the same foot.

![Mean normal ground reaction force ($\overset{¯}{\mathbf{nGRF}}$, in BW) under the whole foot. It is represented for both the inside (circles) and the outside (squares) feet, as well as for both the steep (full line) and flat slopes (dashed line) during the turn.\
Error bars represent the standard deviation of $\overset{¯}{nGRF}$.](pone.0176975.g002){#pone.0176975.g002}

The results from the first ANOVA indicated that the mean $\overset{¯}{nGRF}$ varied significantly depending on the foot (F~*(1*,*10)*~ *= 99*.*7; p* \< .001). When averaging both slopes, the outside foot was more loaded (0.68 ± 0.32 BW) than the inside foot (0.40 ± 0.17 BW). The results also suggested that the slope has a significant effect on the mean $\overset{¯}{nGRF}$ *(F*~*(1*,*10)*~ *= 7*.*0; p* \< .05). When averaging both the skier's feet, the mean $\overset{¯}{nGRF}$ was 13% higher on a steep compared to a flat slope. The turn phase also had a significant effect on the mean $\overset{¯}{nGRF}$ *(F*~*(3*,*30)*~ *= 105*.*1; p* \< .001). Post-hoc tests indicated that mean $\overset{¯}{nGRF}$ applied during the initiation phase was lower (*p \<* .*001) than* during the completion phase, which was itself lower (*p* \< .001) than during steering1 (*p* \< .001), which was also lower (*p* \< .001) than during steering2.

The cross product foot × phase showed that the outside foot exhibited a significantly greater mean $\overset{¯}{nGRF}$ for the steering1 (*p* \< .001), steering 2 (*p* \< .001) and completion phases (*p* \< .001) compared to the initiation phase (218%, 279% and 187% of the values of the mean $\overset{¯}{nGRF}$ applied during P1, respectively). For the inside foot, the mean $\overset{¯}{nGRF}$ during the completion phase was significantly lower than during both the steering1 and steering2 phases (83% (*p* \< .01) and 81% (*p* \< .001) of the value of the mean $\overset{¯}{nGRF}$ during steering1 and steering2, respectively). Phase-by-phase analysis indicated that the outside foot was significantly more loaded than the inside foot during turn phases P2, P3 and P4 (*p* \< .001).

The cross product foot × slope showed that the outside foot was significantly affected by the slope condition (*p* \< .05; +16% for the steep vs. flat slope), but not the inside foot. When analyzing both slope conditions separately, $\overset{¯}{nGRF}$ was significantly higher on the outside foot compared to the inside foot, for both the flat (*p* \< .001; 0.63\>0.38 BW) and steep slope conditions (*p* \< .001; 0.73\>0.41 BW).

To complete the analysis, a second ANOVA was performed only on the outside foot. It showed significant effects of slope *(F*~*(1*,*10)*~ *= 5*.*67; p \<* .05, Steep\>Flat), phase *(F*~*(3*,*30)*~ *= 94*.*81; p* \< .001, P1\<P4\<P2\<P3) and cross effect slope × phase *(F*~*(3*,*30)*~ *= 4*.*30; p* \< .05) on the mean $\overset{¯}{nGRF}$. The steep slope induced significantly higher $\overset{¯}{nGRF}$ values compared to the flat slope for phases 2 and 3 (*p* \< .05, [Fig 2](#pone.0176975.g002){ref-type="fig"}).

Relative loading parameter (relPTI) was used to assess the contribution of different foot sole regions, along either the M-L or the A-P axis. It was performed only on the outside foot because it was shown that $\overset{¯}{nGRF}$ applied on the inside foot i) was lower than that applied on the outside foot and ii) was not sensitive to slope steepness and turn phases. Figs [3](#pone.0176975.g003){ref-type="fig"} and [4](#pone.0176975.g004){ref-type="fig"} present the changes in relPTI along the A-P and M-L axes, respectively.

![**a, b. Relative contribution of the pressure time integral (relPTI, %) applied to three plantar regions along the A-P axis.** Data of the Heel, Midfoot and Forefoot region of the outside foot are shown, for a) flat and b) steep slopes during the turn. Error bars represent the standard deviation.](pone.0176975.g003){#pone.0176975.g003}

![**a, b. Relative contribution of the pressure time integral (relPTI, %) applied to both the medial and lateral plantar regions.** Data are shown along the M-L axis of the outside foot, for a) flat and b) steep slopes during the turn. Error bars represent the standard deviation.](pone.0176975.g004){#pone.0176975.g004}

Statistical results yield a significant effect of the foot region along the anterior-posterior axis, either on flat (*F*~*(2*,*20)*~ *= 9*.*96; p* \< .01) or steep slope (*F*~*(2*,*20)*~ *= 9*.*25; p* \< .01). The cross product region × phase was also shown on both slope steepnesses (*F*~*(6*,*60)*~ *= 11*.*8; p* \< .001 for flat slope;(*F*~*(6*,*60)*~ *= 11*.*6; p* \< .001 for steep slope). No effects of the turn phase were shown. On the M-L axis, only a region effect was shown, both on the flat (*F*~*(1*,*10)*~ *= 14*.*8; p* \< .01) and steep slope (*F*~*(1*,*10)*~ *= 32*.*1; p* \< .001).

Further analysis was used to specifically compare regions and turn phases. Turn phases 1--3 were compared for two reasons: the initiation phase showed a different mean $\overset{¯}{nGRF}$ pattern compared to the other phases and the greatest mean $\overset{¯}{nGRF}$ was found at the end of the steering phase2. For the analysis along the A-P axis, only the FF and H regions were involved, since the MF region received only a small steady relative pressure time integral (e.g. 14.7 ±0.65% and 15.7±1.75% for the flat and steep slopes, respectively). Planned comparisons showed that relative pressure time integral on both the heel and the forefoot regions were significantly affected by turn phases, for both slope steepnesses. On the flat slope, relPTI under the FF and H regions were significantly different during P3 *(F*~*(1*,*10)*~ *= 5*.*354; p* \< .05, forefoot\<heel). For the steep slope, there was a significant difference in relPTI between the FF and H during P1 *(F*~*(1*,*10)*~ *= 14*.*26; p* \< .01, forefoot\>heel) but not during P3. Along the M-L axis, relative pressure time integral of the foot was significantly higher on the lateral half *(F*~*(1*,*10)*~ *= 26*.*360; p* \< .001) for both slope conditions. No turn phase effect was shown. Detailed statistical results of the planned comparisons as well as relative pressure time integral values for certain turn phases and region are described in [Table 1](#pone.0176975.t001){ref-type="table"}.

10.1371/journal.pone.0176975.t001

###### Values and statistical analysis for the relative pressure time integral applied on the outside foot.

![](pone.0176975.t001){#pone.0176975.t001g}

  ---------------------------------------------------- ---------------- ----------------- ------------------------ ---------------- -----------------
  **Relative pressure time integral (%, Mean ± SD)**                                                                                
  **A-P axis**                                         **M-L axis**                                                                 
                                                       **Flat slope**   **Steep slope**                            **Flat slope**   **Steep slope**
  P1- Forefoot                                         47.7 ± 22.1      64.9 ± 20.3       P1- Medial               40.5 ± 9.42      35.1 ± 10.3
  P1- Heel                                             38.5 ± 19.6      18.1 ± 17.1       P1- Lateral              59.5 ± 9.42      64.9 ± 10.3
  P3- Forefoot                                         31.1 ± 17.5      42.7 ± 18.8       P3- medial               41.4 ± 7.78      40.3 ± 7.77
  P3- Heel                                             53.9 ± 17.3      42.5 ± 20.1       P3- Lateral              58.6 ± 7.78      59.7 ± 7.77
  **F values (planned comparisons)**                                                                                                
  **A-P axis**                                         **M-L axis**                                                                 
                                                       **Flat slope**   **Steep slope**                            **Flat slope**   **Steep slope**
  Heel: P1 vs. P3                                      26.2\*\*\*       24.4\*\*\*        Medial: P1 vs. P3        0.18             2.70
  Forefoot: P1 vs. P3                                  22.8\*\*\*       18.3\*\*          Lateral: P1 vs. P3       0.18             2.70
  P1: forefoot vs. heel                                0.39             14.3\*\*          P1: medial vs. lateral   11.1\*\*         23.1\*\*\*
  P3: forefoot vs. heel                                5.35\*           0.06              P3: medial vs. lateral   13.3\*\*         17.0\*\*
  ---------------------------------------------------- ---------------- ----------------- ------------------------ ---------------- -----------------

Data are presented as mean ± SD of the relative pressure time integral applied over a particular foot region for a given turn phase. Planned comparisons were used to analyze the cross effect of turn phases P1 and P3, either on flat or steep slope. Analysis was performed both on the A-P axis (Forefoot and Heel regions), and the M-L axis (Medial and Lateral regions). Significant differences are indicated with asterisks

(*p*\<0.05:\*

*p*\<0.01:\*\*

*p*\<0.001:\*\*\*).

Discussion {#sec008}
==========

The main findings of the present study were that i) only the $\overset{¯}{nGRF}$ under the outside foot was affected by slope steepness and turn phases, and that ii) the overall shift of a dominant loading from the forefoot toward the heel region of the outside foot was observed on both slope steepnesses, but it was posteriorly shifted on the flat slope.

Effects of slope and turn phases on the total foot $\overset{¯}{\mathbf{nGRF}}$ {#sec009}
-------------------------------------------------------------------------------

Our results highlighted the potential effect of slope steepness on the magnitude of the force applied at the foot sole--boot interface. Skiers had to sustain higher $\overset{¯}{nGRF}$ during turning on steeper slopes. Indeed, a steeper slope increases the component of the weight vector that effectively accelerates the skier ($\overset{\rightarrow}{Fg}tan$ in [Fig 5](#pone.0176975.g005){ref-type="fig"}). Moreover, speed comes from a transformation of potential energy into kinetic energy in alpine skiing \[[@pone.0176975.ref012],[@pone.0176975.ref021]\]. When the slope is steeper, this transformation is achieved at a higher rate, inducing a higher acceleration of the skier. Thus, in straight gliding skiing, a skier would have to control higher acceleration on steep slopes. However, a recent study actually showed that a steeper slope was correlated with a greater horizontal distance between gates in World Cup giant slalom courses \[[@pone.0176975.ref022]\]. This was also correlated with a slight decrease in the skier's velocity. Another study concluded that the combination of velocity and a small turn radius leads to a high GRF that must be sustained by skiers in technical disciplines such as giant slalom \[[@pone.0176975.ref023]\]. In slalom skiing, it was shown that a steeper slope induced smaller turn radii and slower velocity \[[@pone.0176975.ref014]\]. However, to the best of our knowledge no studies have investigated the effect of slope steepness on turn radius in giant slalom. One could speculate that a slight decrease in velocity combined with a significantly reduced turn radius \[[@pone.0176975.ref023]\], would result in a higher centripetal force developed by skiers when turning on a steeper slope. This should be confirmed by a relatively greater lower-body lateral angulation on steeper slopes \[[@pone.0176975.ref014]\]. Thus, the skier's need to control the velocity and trajectory results in a higher GRF on steeper slopes. Finally, a greater $\overset{¯}{nGRF}$ on steeper slopes would be in agreement with a higher electromyographic activity of the lower leg's extensor muscles found on steeper slopes \[[@pone.0176975.ref024]\].

![Alignment of the weight vector ($\overset{\rightarrow}{\mathbf{F}\mathbf{g}}$) according to slope steepness.\
Its components along normal ($\overset{\rightarrow}{Fg}norm$) and tangential ($\overset{\rightarrow}{Fg}tan$) directions to the snow surface are represented. α is the slope angle.](pone.0176975.g005){#pone.0176975.g005}

Turn phases also played an important role in modification of $\overset{¯}{nGRF}$ in giant slalom turns. $\overset{¯}{nGRF}$ applied on the outside foot increased from the beginning of the turn to the end of the steering phase, i.e., after the gate passage \[[@pone.0176975.ref005],[@pone.0176975.ref011],[@pone.0176975.ref012]\]. However, $\overset{¯}{nGRF}$ applied under the inside foot was not sensitive to turn phases. During the steering2 phase, skiers moves away from the fall line. This may induce higher external forces that must be sustained by the skier, and this increase is managed solely by the outside foot. After gate passage, the skier's trajectory diverges from the fall line. Hence, $\overset{¯}{nGRF}$ is opposed to the motor component of the weight. According to Newton's action-reaction law, this might explain the increase in $\overset{¯}{nGRF}$ after gate passage ([Fig 6](#pone.0176975.g006){ref-type="fig"}).

![Alignment of the reaction force from snow surface ($\mathbf{F}\mathbf{r}\vec{}$).\
Reaction force is represented at the beginning and end of a turn. The direction of the fall line is indicated.](pone.0176975.g006){#pone.0176975.g006}

Another explanation may be found in a kinematic analysis of the lower limbs. In the first part of a turn, the lower limbs flex, and then extend after the gate passage. However, lower limb flexion first decreases then increases $\overset{¯}{nGRF}$, while lower-limb extension first increases then decreases $\overset{¯}{nGRF}$ \[[@pone.0176975.ref025]\]. Since the shift from flexion to extension takes place during the steering2 phase of this study, this may be another explanation why the apex of the mean $\overset{¯}{nGRF}$ is encountered during this phase.

It is important to note the relative high standard deviation for the duration of the phases (e.g., relative standard deviation (RSD) 15% for P3 on flat terrain), although the duration of the turns showed a very small standard deviation (RSD 6.2% for the flat turn). This indicates a homogeneous skill level among the study's subjects, but different strategies used for turn completion.

Comparison of inside vs outside foot {#sec010}
------------------------------------

The present study found that the effects of slope steepness and turn phases on $\overset{¯}{nGRF}$ were observable only on the outside foot. Inside and outside feet therefore have different behaviors. The present force-time series showed that a mean $\overset{¯}{nGRF}$ of the outside foot of more than 1.1 BW can be reached during a turn, whereas only 0.5 BW can be seen on the inside foot. These values were actually lower than existing data \[[@pone.0176975.ref005]\]. This special finding is discussed at the end of this discussion.

Statistical analysis indicated that the outside foot was more loaded than the inside foot during all conditions except the initiation turn phase. This was observed independently of the slope. This finding completes previous studies showing that $\overset{¯}{nGRF}$ is much greater for the outside than the inside foot independently of the type of turn \[[@pone.0176975.ref005]\] or illustrating the higher $\overset{¯}{nGRF}$ for the outside foot based on force-time series \[[@pone.0176975.ref007]\]. The different loading pattern for both feet induces different motor roles. As a consequence, Kröll et al. \[[@pone.0176975.ref024]\] noted a significantly lower activation of the vastus lateralis muscle of the inside leg.

Kinematic analysis of the lower limb could also explain part of the difference between $\overset{¯}{nGRF}$ applied to both feet. Indeed, the inside leg exhibits a significantly greater knee flexion angle as a consequence of maintaining foot--snow contact with both legs \[[@pone.0176975.ref026]\]. This may also be related to the force--length relationship of the quadriceps: the knee angle of the outside lower limb may place the quadriceps femoris muscle at a more suitable length to produce force compared to the inside leg \[[@pone.0176975.ref027]\].

As expected, $\overset{¯}{nGRF}$ was equally distributed over both the inside and outside feet during the present initiation phase of turns, i.e., when $\overset{¯}{nGRF}$ was low. This could be explained by the weight transfer from the outside ski of the previous turn to the outside ski of the current turn. Thus, skiers have already unloaded the outside ski of the former turn and progressively load the novel outside ski of the novel turn. As the turn progresses, mean $\overset{¯}{nGRF}$ applied at the outside foot increases until the end of the steering phase, i.e., after the gate passage \[[@pone.0176975.ref011],[@pone.0176975.ref012]\]. In contrast, mean $\overset{¯}{nGRF}$ applied at the inside foot remained low and constant throughout the turn and was not affected by slope steepness. From a 50/50% distribution on both feet at the beginning of a turn, mean $\overset{¯}{nGRF}$ reaches up to 75%/25% distribution on the outside and inside feet, respectively, during the end of the steering phase. This ratio was not affected by slope condition.

Another interesting finding was that the influence of the slope on $\overset{¯}{nGRF}$ also depends on the foot studied. $\overset{¯}{nGRF}$ on the outside foot increased as the slope increases, whereas it remained constant on the inside foot. Thus skiers only used their outside foot to modify the mechanical parameters of a turn induced by a steeper slope.

These data highlight the different roles played by both feet during an alpine skiing giant slalom turn. Both feet are responsible for the skier's stability, although only the outside foot has an active motor role in turn completion. In order to turn, skiers need to edge and bend their skis, which then creates centripetal force. To maintain their stability, the skier needs to control external forces and torques applied during turning. A higher $\overset{¯}{nGRF}$ on the outside foot may be needed to control the reaction force's alignment with the skier's center of gravity, hence allowing the skier to stay in balance while turning. Indeed, skiers would have to lean too far toward the inside of the turn if a large $\overset{¯}{nGRF}$ is applied on the inside foot. Moreover, and for reasons already explained, skiers would be unable to sustain high torques generated by external forces on the inside leg.

In competitive alpine skiing, gate settings induce a turn radius that is actually tighter than the ski radius, especially on steep slope \[[@pone.0176975.ref022]\]. Hence, skiers have to push on their skis to bend them, in order to make them turn along a tighter turn radius \[[@pone.0176975.ref011]\]. Turn radii of the outside ski as low as 12 m have been measured in World Cup giant slalom ski racing \[[@pone.0176975.ref021]\]. Such small turn radii may not be reached if skiers exert an even force on both skis. Hence, strong pressure on one ski may be needed to effectively perform a carving turn with a small turn radius. For stability purposes explained above, that strong pressure can only be realized on the outside foot.

Relative loading distribution along the anterior-posterior axis of the outside foot {#sec011}
-----------------------------------------------------------------------------------

Relative loading on the A-P axis was significantly affected by the foot region. A shift was observed in the dominant foot region from the forefoot to the heel during a turn. These results indicated that $\overset{¯}{nGRF}$ acts predominantly through the forefoot during the turn initiation. This relates to a body leaning forward with the shin pressing on the front part of the boot \[[@pone.0176975.ref010]\], necessary for proper bending of the ski \[[@pone.0176975.ref028]\]. This must also be related to a CoP moving forward on the skis and boot \[[@pone.0176975.ref008]\].

The present study has indicated that the inclination of the slope does not influence this A-P shift during the turn: heel relative loading increases during the turn until it equals (steep slope) or exceeds (flat slope condition) the forefoot relative loading ([Fig 3](#pone.0176975.g003){ref-type="fig"}).

However, the distribution between the heel and the forefoot within each turn phase was significantly modified by both the inclination of the slope and the turn phases. On the steeper slope, the relative loading was i) greater for the forefoot compared to the heel during the initiation phase and ii) similar for both forefoot and heel regions during the steering phase. On the contrary, on a flatter slope, relative loading was i) similar for both the forefoot and heel regions during the initiation phase and ii) greater under the heel than under the forefoot region at the end of the steering phase. When the slope was steep, skiers needed to increase the $\overset{¯}{nGRF}$ on the anterior part of the ski at the beginning of the turn to initiate the turn quickly and therefore transfer their body weight forward. In contrast, when the slope was low, the mechanical constraints differed and skiers tended to remain centered in their boots. They were more focused on optimizing gliding properties by avoiding overpressures ([Fig 3](#pone.0176975.g003){ref-type="fig"}).

There is a forward shift of the skier's body weight when the slope steepness increased. Indeed, the weight vector crosses the plane formed by both skis more anteriorly, as is described in [Fig 5](#pone.0176975.g005){ref-type="fig"}. These results also suggest that the range of motion along the A-P axis is greater on steeper slopes. Although no statistic is available, this is confirmed by Nakazato et al. who measured a range of motion of the CoP along the A-P axis of 271.7 mm on a steep slope and 195.5 mm on flat slope \[[@pone.0176975.ref008]\]. A greater range of motion of the CoP along the A-P axis on a steep slope indicates a greater need to manage the skier's balance.

A relation between a steeper slope, a shorter turn radius and a greater $\overset{¯}{nGRF}$ could also explain the higher forefoot relative loading during turn initiation on the steep slope. This force is better created when leaning forward \[[@pone.0176975.ref015]\]. Moreover, it has been shown that higher ranked skiers are better able to produce a greater loading under the front part of the outside foot \[[@pone.0176975.ref013]\].

In contrast, relative loading applied through the midfoot region remained low and stable. Furthermore, it was not affected by modifications of slope steepness or turn phases. Low and steady pressures were applied through the midfoot region, and the foot's arch prevents the foot from transferring large forces through that region.

Relative loading distribution along the medial-lateral axis of the outside foot {#sec012}
-------------------------------------------------------------------------------

These results showed that the relative loading was always applied about 40% and 60% on the medial and lateral halves of the outside foot, respectively. This agreed with earlier results of pressure insole measurement, which showed that CoP was always lateral on the outside foot \[[@pone.0176975.ref008]\]. Indeed, rigid ski boots have only one degree of freedom along the plantar flexion--dorsiflexion axis, thus limiting athletes from effectively acting on the M-L loading distribution \[[@pone.0176975.ref029]\]. M-L pressure distribution may differ if measured under the plantar surface of the foot or at the shin--boot interface, which was not the case in this study \[[@pone.0176975.ref010],[@pone.0176975.ref030]\].

Although this was not significant, the results reported herein showed that a steep slope induced an even greater relative loading applied on the lateral half of the plantar surface. This M-L distribution was not affected by turn phase or slope during skiing.

However, GRF from the snow acts on the inside edge of the skis, as shown by the literature and experimental observations \[[@pone.0176975.ref016],[@pone.0176975.ref031]\]. Therefore, it was expected that i) the medial half of the outside foot was more loaded than the lateral half and that ii) the lateral half of the inside foot was more loaded than the medial half. This hypothesis was based on the study of Federolf et al. \[[@pone.0176975.ref016]\]. They found that, when edging the skis in straight gliding-test skiing (i.e., the distance between the knees is smaller than that between the ankles, as seen in the frontal plane), the force application point along the M-L axis was shifted toward the inside edge of the skis. Secondly, the contact point between the snow and the ski occurred at the inside edge of the ski. The contact point between the plantar surface of the foot and the boot was spread over a distance that was longer than the ski's width \[[@pone.0176975.ref031]\]. Finally, the moment arm along the longitudinal axis of the ski when performing a turn (Mx, as described in ISO 9462), tended to approach the contact point at the foot--boot interface and at the snow--ski interface. However, the data presented in Niessen et al. and Federolf et al. were obtained with a force platform placed under the boot or the bindings, respectively \[[@pone.0176975.ref016],[@pone.0176975.ref031]\]. It has been shown that the CoP lies medially on the outside foot and laterally on the inside foot during a turn, when measured using a force platform \[[@pone.0176975.ref008],[@pone.0176975.ref032]\]. Hence, pressure insoles and force platforms provide truly distinct information regarding the skier's kinetics. Pressure insoles provide valuable information on the kinaesthetic feeling of the skier while performing turns. Depending on their design, force platforms provide from one to six components of the forces and moments acting between the snow and the skier. In this aspect, they can be considered as a true measurement of GRF acting on the skier.

Limitations of the study {#sec013}
------------------------

A number of limitations of the present study should be noted. Firstly, pressure insoles are a useful tool to measure GRF based on raw plantar pressure measurements. However, it has been shown GRF values measured with pressure insoles tended to be underestimated when compared to measurements made with force platforms \[[@pone.0176975.ref006],[@pone.0176975.ref007],[@pone.0176975.ref033]\]. This is thought to be due to rigid ski boots going up high on the shank. This tended to be confirmed by GRF measurements that were shown to be more reliable in other activities with low-cut shoes, such as walking \[[@pone.0176975.ref034],[@pone.0176975.ref035]\]. Indeed, some force between the foot and the ski boot is actually exerted through the ski boot cuff \[[@pone.0176975.ref010]\]. Hence, plantar pressure measurements may not reflect the exact GRF value. Moreover, this amount of force not measured by pressure insoles may actually depend on the ankle flexion angle: the underestimation of GRF with pressure insoles may vary during a turn.

Secondly, we measured quite low nGRF values, even when compared to other studies which used pressure insoles \[[@pone.0176975.ref005]\]. This could be explained by several factors. The subjects were not top-level ski racers, although they were very good ski racers and regularly competed in FIS competitions. It has been shown that higher-ranked skiers exert greater GRF \[[@pone.0176975.ref013]\]. Moreover, pressure data were smoothed using a filter with a cut off frequency at 6 Hz. Last but not least, force and pressure data were presented as means over an entire turn phase, which automatically lowers values, whereas other articles usually presented peak values \[[@pone.0176975.ref005],[@pone.0176975.ref007]\].

Conclusion {#sec014}
==========

Pressure insoles were chosen because they can distinguish between pressures applied at different regions under the sole of the foot, and therefore determine how the force applied normally to their surface during a turn evolves. This descriptive article highlighted the different roles played by both feet during alpine skiing, according to the phase of the turn and the slope steepness. Mean nGRF under the inside foot remained low and was not modified by changes in the turn phases or slope steepness. In contrast, the mean nGRF applied under the outside foot was higher except during initiation phases. Moreover, it intensified i) when slope steepness increased and ii) from the beginning of a turn to the end of the steering phase. Hence, the outside foot took an active part in the turning process, while the inside foot had more of a supporting role. Relative loading distribution of the outside foot along the ski axis was also affected by turn characteristics. There was a forward-oriented shift of the skier's body weight i) at the beginning of turns and ii) this was more pronounced for steeper slopes. On the other hand, the M-L distribution of the relative loading was only slightly influenced by both slope and turn phases, and remained always dominant on the lateral half of the foot. The present results may be of particular interest for athletes, coaches and boot manufacturers.

Supporting information {#sec015}
======================

###### Detailed results of $\overset{¯}{\mathbf{nGRF}}$ (in multiples of BW) applied under the entire plantar surface.

Results are classified according to the foot position, the slope steepness and the turn phases.

(PDF)

###### 

Click here for additional data file.

###### Detailed results of the relative pressure time integral (%) applied under the outside foot.

Results are classified according to the slope steepness (flat and steep), turn phases (P1 to P4) and foot regions (Heel, Midfoot and forefoot).

(PDF)

###### 

Click here for additional data file.

###### Detailed results of the relative pressure time integral (%) applied under the outside foot.

Results are classified according to the slope steepness (flat and steep), turn phases (P1 to P4) and foot regions (Medial and lateral).

(PDF)

###### 

Click here for additional data file.
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